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ABSTRACT: Membrane curvature is an important parameter
in biological processes such as cellular movement, division, and
vesicle fusion and budding. Traditionally, only proteins and
protein-derived peptides have been used as sensors for
membrane curvature. Three water-soluble bischolate foldamers
were synthesized, all labeled with an environmentally sensitive
ﬂuorophore to report their binding with lipid membranes. The
orientation and ionic nature of the ﬂuorescent label were
found to be particularly important in their performance as
membrane-curvature sensors. The bischolate with an NBD
group in the hydrophilic α-face of the cholate outperformed
the other two analogues as a membrane-curvature sensor and responded additionally to the lipid composition including the
amounts of cholesterol and anionic lipids in the membranes.
■ INTRODUCTION
Lipids are the main ingredients of biological membranes,
whether plasma membranes that deﬁne the boundary of a cell
or membranes of intracellular organelles that isolate them from
the cytoplasm.1 In comparison to proteins, nucleic acids, and
polysaccharides, these small-molecule amphiphiles seem to lack
the usual biological sophistication. However, continued studies
in recent decades revealed that lipids have their unique way of
complexity that in some ways rival or even surpass what is
found in the other more complex biomacromolecules.2 For
example, biological membranes are made of complex mixtures
of lipids, whose composition is subject to change at diﬀerent
stages of the cell life and even in response to biological
conditions of the cell.3 Membranes are not homogeneous
mixtures of lipid molecules either. Heterogeneity is found both
horizontally within the same leaﬂet of a bilayer membrane and
vertically across the two leaﬂets.4,5 Phase-separated lipid
domains play important roles in biological processes such as
membrane protein assembly and signal transduction. Thus,
even without secondary and tertiary structures, lipid molecules
communally could change their chemical composition and
dynamic structures, similar to what proteins do at the primary
and secondary structural levels. Because these changes and the
dynamics of lipids occur in a self-assembled ensemble, the
complexity is no smaller than the individual complexity
displayed by the other seemingly more sophisticated bio-
macromolecules.
Another level of complexity in lipid assemblies comes from
membrane curvature.6 Larger plasma membranes are, as a result
of simple geometry, ﬂatter or have smaller curvature than
membranes of intracellular organelles. Certain organelles have
notably highly curved membranes including endoplasmic
reticulum and golgi apparatus. However, membrane curvature
is a not a static property of biological membranes. In processes
such as cellular movement, division, and vesicle fusion and
budding, membrane curvature is actively modulated by proteins
to enable these processes. Curvature modulation is an
extremely important and intriguing process, as it translates
molecular interactions between lipids and proteins into
mechanical movement/rearrangement of cells and vesicles.7
For these reasons, there is strong interest in developing tools
that can sense membrane curvature, particularly under dynamic
conditions.8,9 In nature, certain proteins are known to be
speciﬁc membrane-curvature sensors. BAR domains are coiled-
coil bundles of proteins; these arc-shaped structures can
associate with membranes with matching curvatures.10,11
Other membrane sensors such as ALPS do not have speciﬁc
secondary/tertiary structures on their own but recognize the
hydrophobic defects in highly curved membranes. The most
interesting feature of this class of membrane sensors is that they
stay soluble in water in the presence of low-curvature
membranes (e.g., liposomes with R > 100 nm) but selectively
bind high-curvature membranes (e.g., liposomes with R < 50
nm), meanwhile switching from a random conformation to an
α-helix on the surface of the membrane.12,13
Because of the complexity of the natural protein-based
curvature sensors, scientists in recent years became interested
in developing small-molecule-based sensors, for their ease of
synthesis and more straightforward structure−activity correla-
tion. A cyclic peptide derived from Synaptotagmin-I (a protein
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possibly involved in calcium-dependent membrane traﬃcking
and fusion)14,15 and a 25-mer peptide (MARCKS-ED) were
both shown recently to be eﬀective curvature sensors.16
In this work, we report that simple bischolate foldamers
could be used as eﬀective membrane-curvature sensors. The
location and the nature of the ﬂuorescent probe on the
foldamer turned out particularly important in their ability to act
as membrane-curvature sensors. Our most eﬀective foldamer
sensor responded not only to membrane curvature but also to
the cholesterol content and the amount of negatively charged
lipids in predictable fashions.
■ EXPERIMENTAL SECTION
The general methods and the syntheses of the compounds are
reported in the Supporting Information.
Liposome Preparation. A chloroform solution of POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPG (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-1′-rac-glycerol sodium salt) was
placed in a 10 mL test tube and dried under a stream of nitrogen
for 10 min. The residue was dried further under high vacuum
overnight to obtain a thin lipid ﬁlm. A solution of PBS buﬀer (1.0 mL,
pH = 7.4) was added to the test tube containing thin lipid ﬁlm.
Rehydration of the lipid was allowed to continue for 90 min with
frequent vortexing at 4 °C. The lipid suspensions of the resulting
multilamellar vesicles were subjected to 10 freeze−thaw cycles. The
resulting mixture was then extruded 29 times through a polycarbonate
ﬁlter (diameter = 19 mm, pore diameters of 30, 100, and 400 nm) at
room temperature using an Avanti Mini-Extruder to produce the
desired LUVs. Each LUV was diluted in PBS to a lipid concentration
of 15−25 μM, and their size was analyzed by DLS. Intensity data from
each sample were collected in ﬁve replicates and analyzed by the
Precision Deconvolve software.
Fluorescence Enhancement Assay. Diﬀerent bischolates were
mixed with the above prepared LUV solutions to aﬀord a solution with
[bischolate] = 0.10 μM and [total lipids] = 300 μM in PBS buﬀer. The
samples were transferred to 10 mm cuvettes, and ﬂuorescence spectra
were recorded on a Varian Cary Eclipse spectroﬂuorometer.
Fluorescence spectra were also obtained without liposomes in the
solution. The excitation wavelength (λex) was 340, 470, and 470 nm
for bischolate 1, 3, and 4, respectively. The excitation slit width was 10
nm, and the emission slit width was 20 nm. The ﬂuorescence
enhancement was obtained by averaging two scans and normalizing
the emission intensity of the probe in the presence of the LUVs to the
intensity in the absence of the LUVs.
Fluorescence Titration. A series of LUV solutions (2.5−1200
μM) containing the appropriate bischolate probe (0.10 μM) were
prepared in PBS buﬀer (2.0 mL, pH = 7.4). After the samples were
allowed to sit for 5 min at room temperature, ﬂuorescence spectra
were recorded on a Varian Cary Eclipse spectroﬂuorometer. The
excitation wavelength (λex) was 340, 470, and 470 nm for bischolate 1,
3, and 4, respectively. The excitation slit width was 10 nm, and the
emission slit width was 20 nm.
■ RESULTS AND DISCUSSION
Design and Synthesis of Bischolate Membrane-
Curvature Sensors. Foldamers are synthetic mimics of
biomacromolecules with controlled conformations.17−19 Our
group has been interested in foldamers made of cholic acid, a
natural facial amphiphile.20−22 The amphiphilicity of the
building block and the resultant foldamers allows these
compounds to interact with lipid membranes in tunable
fashions.23−25 Since amphipathic peptides act as membrane-
curvature sensors8,12−16,26,27 and facially amphiphilic cholate
derivatives have been used by researchers as amphiphilic
peptide mimics,28,29 we reasoned that appropriate cholate
foldamers might be able to bind membranes in a curvature-
dependent fashion.
Bischolate 1 was recently synthesized in our group.30 The
molecule has two cholates connected head-to-tail with a
glutamic acid tether in between. The glutamic acid was
introduced to facilitate the cholate−cholate interactions. Our
previous work suggests that a C4 tether allows the facial
amphiphiles to interact with each other readily.31 The molecule
contains two carboxylates: one from one of the cholates and the
other from the glutamate tether. These ionic groups (including
the sulfonate on the ﬂuorophore) make the molecule soluble in
water, a feature important to aqueous-based applications such
as membrane-curvature sensing. Natural cholic acid has a
hydrophilic α-face with three hydroxyl groups and a hydro-
phobic β-face made of hydrocarbon. Bischolate 1 has the
terminal hydroxyl inverted and replaced with an amido and a
triazoloyl group, respectively. The triazoloyl was used to
introduce the aminonaphthalenesulfonate group, which is
analogous to the more common environmentally sensitive
ﬂuorophore dansyl.32 Its environment-dependent emission
allowed us to characterize its conformation in diﬀerent solvents
(Scheme 1).
Our previous work shows that, in polar solvents (i.e., >50%
water in methanol), bischolate 1 folds hydrophobically, with the
polar groups exposed to the solvents. In nonpolar solvents (i.e.,
>30% THF in methanol), the molecule adopts a conformation
with the polar groups point inward, solvated by polar solvents
concentrated in the center of the molecule.30 At intermediate
polarity (namely, in between 30% THF/methanol and 50%
methanol/water), the molecule adopts an unfolded, random
Scheme 1. Folding and Unfolding of Bischolate Foldamer 1
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conformation, with both the hydrophilic and hydrophobic faces
exposed. The solvent-induced conformational change between
a micelle-like conformation with exposed hydrophilic groups
and a reverse-micelle-like conformation with buried hydrophilic
groups has been observed multiple times for both cholate
foldamers20,33 and nonfoldamers33−36 under similar conditions.
The above conformational change was established through
the solvent-sensitive emission and its comparison with the
control compound 2 (Scheme 1).30 The environmentally
dependent switachable conformaitons seem to be perfect for a
membrane-curvature sensor and resemble ALPS in its transition
from a random conformation in water to the amphipathic α-
helix upon binding with a highly curved membrane.12,13 The
environmentally sensitive aminonaphthalenesulfonate is also
important, as it could serve as a spectroscopic reporter to
indicate its migration from an aqueous phase to a more
hydrophobic membrane.30,32
In this work, we synthesized two additional bischolates, 3 and
4. Molecule 3 is identical to 1 in every aspect except that the
ionic aminonaphthalenesulfonate was replaced by another
environmentally sensitive NBD ﬂuorophore. NBD absorbs
and emits at a longer wavelength than aminonaphthalenesul-
fonate derivatives.37 As will be shown in our discussion below,
the (ionic or nonionic) nature of the ﬂuorophore turns out to
be a key parameter to the compound’s performance as a
membrane curvature-sensor. Molecule 4 is similar to 3, having
the nonionic NBD ﬂuorescent label, except that the label is
located on the α-face of the attached cholate.
Evaluation of Bischolate Membrane-Curvature Sen-
sors. The performance of these bischolates as membrane-
curvature sensors was evaluated by a ﬂuorescence enhancement
assay used by many researchers.13,14,16,26,27 Brieﬂy, a given
concentration of liposomes of a certain size was added to an
aqueous solution of the membrane-curvature sensor. Associa-
tion of the sensor with the hydrophobic membranes enhances
the emission of the sensor. In general, the eﬀectiveness of the
sensor is measured by the extent of ﬂuorescence enhancement
and its response to liposome sizes (i.e., membrane curvatures).
We prepared three diﬀerent batches of liposomes using the
membrane extrusion method.38 The hydrated liposomes made
of 10:1 POPC/POPG were extruded through polycarbonate
membranes with pore size of 30, 100, and 400 nm. The
liposomes obtained, according to our DLS studies, had average
diameters of 58, 83, and 141 nm. These numbers were
consistent with literature reports for similarly prepared
liposomes.27
As shown in Figure 1, although the emission intensity of all
three probes increased in the presence of the liposomes, the
three probes displayed dramatically diﬀerent responses. Among
the three bischolates, compound 1 showed the smallest
enhancement in emission. We believe the main reason for
the small enhancement might derive from its ionic state of the
ﬂuorophore. After the probe goes from a water-soluble state to
a membrane-bound state, a nonionic ﬂuorophore can easily
enter the hydrophobic region of a membrane, thus experiencing
a large change in environmental polarity. In contrast, an ionic
ﬂuorophore such as aminonaphthalenesulfonate may still have
signiﬁcant water contact in the membrane-bound state, due to
its poor solvation by the lipids and strong solvation by water. In
this way, an ionic ﬂuorophore may not experience as clear a
change in environmental polarity as a nonionic one. However,
regardless of the magnitude of ﬂuorescence enhancement, it is
clear that bischolate 1 was not a good membrane-curvature
sensor, as its emission enhancement did not display a
monotonous trend as a function of the liposome size (Figure
1,△).
The NBD-functionalized bischolate 3 experienced a stronger
enhancement of emission in the presence of the liposomes
(Figure 1, ◇), possibly due to the nonionic nature of its
ﬂuorophore. Nonetheless, despite its stronger emission
enhancement, this compound is not a good membrane-
curvature sensor either, as its emission intensity displayed a
very small response to the membrane curvature.
The largest emission enhancement was observed for
compound 4, which has the same ﬂuorophore as 3 but the
opposite stereochemistry for the NBD group. This bischolate
was clearly the best curvature sensor among the three, not only
because of its strongest emission enhancement but, more
importantly, a clear increase of emission intensity with
increasing membrane curvature or decreasing liposome size
(Figure 1, □). The results suggest that the location of the
ﬂuorescent label is highly important to the curvature sensing
and having the NBD group on the hydrophilic α-face of the
cholate is critical. According to our previous studies, bischolate
1 folds hydrophobically in water through the interactions of the
β-faces of the cholates.30 Although 3 and 4 have some
signiﬁcant diﬀerences from 1 (in terms of the orientation and
nonionic nature of the ﬂuorescent label), they are expected to
fold in water similarly through the hydrophobic interactions of
the cholate β-faces. This is because, for any hydrophobic
molecules to be soluble in water, they need to minimize
unfavorable solvent contact for their hydrophobic surfaces, and
Figure 1. Enhancement in the ﬂuorescence emission of bischolate
foldamer 1 (△), 3 (◇), and 4 (□) induced by LUVs of diﬀerent sizes.
I and I0 represent the maximum emission intensity of the probe in the
presence of LUVs and in PBS buﬀer (pH 7.4), respectively. The
experiments were typically run in duplicates and the errors in the two
runs were generally <5%. [Bischolate] = 0.10 μM. [lipids] = 300 μM.
[POPC]/[POPG] = 10/1. The excitation wavelength (λex) was 340,
470, and 470 nm for bischolate 1, 3, and 4, respectively.
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the largest and most hydrophobic surfaces are the cholate β-
faces.
The emission wavelength of the NBD group of 3 and 4 in
aqueous buﬀer was quite similar (545−550 nm). There was no
signiﬁcant diﬀerence between the two over half of dozen
measurements in our hands. The results suggest that the water
exposure of the NBD groups in 3 and 4 was similar when the
two compounds were dissolved in water. The conclusion is
reasonable, as the two compounds are expected to fold in water
through the hydrophobic association of the β-faces. In
compound 4, the NBD group was on the water-exposed α-
face; folding is thus not expected to bury the ﬂuorophore. In
compound 3, although the NBD group was on the hydrophobic
β-face of the cholate, its large size suggests that it is unlikely to
be shielded from water contact either, at least not completely.
As the molecules (3 and 4) enter the membrane, totally
diﬀerent situations occurred. The maximum emission wave-
length (λem) of the NBD of 3 occurred at 521 nm, regardless of
the liposome sizes. In contrast, probe 4 emitted at 538 nm, also
independent of the liposome sizes. Since these wavelengths are
both blue-shifted in comparison to their emission wavelength in
water (545−550 nm), the probes were undoubtedly interacting
with the hydrophobic membranes after the addition of the
liposomes. This conclusion is also consistent with the large
increase of their emission intensity caused by the addition of
the liposomes (Figure 1). The fact that the NBD of 3 emitted
at a signiﬁcantly lower wavelength that the NBD of 4 suggests
that the former was located in a more hydrophobic micro-
environment than the latter.37 Given the location of the NBD
on the hydrophobic β-face of the cholate in 4, this is an
extremely likely situation: as 3 enters the membrane, it has to
hide its hydrophilic groups from the lipid hydrocarbon
(Scheme 2, left), similar to the folded 1 in nonpolar solvents
(Scheme 1). Since the NBD group is on the opposite site of the
hydrophilic α-face, it should be in a fairly hydrophobic
microenvironment. For compound 4, the small change in λem
upon binding with the membranes suggests that its NBD group
was in a fairly polar environment, in agreement with the
schematic representation of the folded bischolate in the
membrane (Scheme 2, right).
The emission wavelengths (λem) of 3 and 4 were reasonable
from the location of the NBD group and the presumed reverse-
micelle-like conformation of these molecules in a nonpolar
membrane environment. What remains puzzling was the fact
that bischolate 4 enjoyed a stronger emission enhancement
than 3 under similar conditions (Figure 1). Normally, one
expects a ﬂuorophore entering a more hydrophobic environ-
ment should emit more strongly. However, it has been reported
that that for primary amine-derived NBD derivatives such as 3
and 4, the quantum yields of the compounds were also
inﬂuenced by other factors.37 Although the general trend is that
such compounds emit more strongly in less polar solvents, n-
propylamino-NBD was found to emit very weakly in highly
nonpolar solvents such as hexane and cyclohexane but much
more strongly in solvents of intermediate polarity including
ethyl acetate, THF, dioxane, acetone, and chloroform. Since the
NBD group of 3 was on the β-face of the cholate, it would be
expected to be in a more hydrocarbon-like environment than
that of 4. Thus, the stronger emission of 4 than 3 in the
membrane-bound state is consistent with the behavior of n-
propylamino-NBD in diﬀerent solvents.
Our study so far indicates that bischolate 4 was the best
membrane-curvature sensor for its high sensitivity and direct
correlation between the emission enhancement and membrane
curvature. We wondered whether the sensitivity was a result of
a stronger binding with higher curvature membranes or some
other factors. The binding aﬃnity of a membrane-curvature
sensor to the membrane can be determined by ﬂuorescence
titration, in which the concentration eﬀect of the liposomes on
the emission intensity of the sensor is measured.27,39 The
aﬃnity is deﬁned as the apparent molar partition coeﬃcient
(Kp) of the probe between lipid membranes and the aqueous
solution and is described by the following equations:
= − − ×F F F F% bound ( )/( ) 100%0 100 0 (1)
= + ×C K C K% bound ( )/(1 ) 100%a p a p (2)
in which F is the maximum NBD emission intensity at a given
lipid concentration, F0 is the NBD emission intensity in the
buﬀer in the absence of lipids, F100 is the emission intensity at
lipid saturation, and Ca is the concentration of the accessible
lipids in the sample. For large unilamellar vesicles (LUVs) as we
have, the accessible lipids amount to 50% of the total lipid
concentration.27
Figure 2 shows the ﬂuorescence titration of probe 4, our best
membrane-curvature sensor, by liposomes of diﬀerent sizes.
The data ﬁt quite nicely to eq 2 and allowed us to understand
the binding aﬃnities of the probe to the membranes. The
binding data are summarized in Table 1, which also contains
the data for probes 1 and 3.
For biologically derived membrane-curvature sensors such as
amphipathic α-helices, it has been found that their preferential
binding to highly curvature membranes is mainly caused by a
higher number of hydrophobic binding sites (i.e., packing
defects) rather than a stronger binding aﬃnity.26 For liposomes
ranging from 75 to 500 nm in size, for example, the binding
aﬃnity displayed a mere 2−2.5-fold increase with decreasing
liposome sizes. Our binding data in general showed the same
trend. For all three probes, the apparent molar partition
coeﬃcient (Kp) increased with decreasing liposome sizes. The
Scheme 2. Schematic Representation of Possible
Conformations of the Folded 3 and 4 in the Lipid Bilayera
aThe carboxylic acid in the hydrophobic membrane is shown to be
protonated whereas that in the aqueous environment to be
deprotonated.
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largest increase was almost 4-fold. Thus, the binding aﬃnity of
these bischolate probes was somewhat more sensitive to the
membrane curvature than that of the naturally occurring
amphipathic α-helices. One possibility for the more sensitive
binding aﬃnity could originate from the size of the hydro-
phobic groups in our bischolates. Amphipathic α-helices rely on
their hydrophobic amino acid side chains to bind the
hydrophobic packing defects in the membrane. Since these
groups are much smaller than the cholate groups in our probes,
they might be able ﬁt into many smaller binding sites that our
probes simply cannot bind. If this is indeed the case, our probe
could be sensing preferentially the larger hydrophobic packing
defects in comparison to natural α-helical membrane-curvature
sensors. Such a feature makes our probe complementary to the
natural sensors and may be useful in certain settings.
There are two other important conclusions we can draw
from the binding data. First, although the binding aﬃnity of all
our probes displayed a monotonous increase with decreasing
liposome sizes and thus increasing membrane curvatures (Table
1), only probe 4 showed monotonous changes in emission
enhancement as a function of the liposome size (Figure 1).
Clearly, in addition to binding aﬃnity, other factors such as the
location of the ﬂuorophore in the probe (and in turn the
location in the membrane) and the ionic nature of the
ﬂuorophore are all important to the emission intensity. Since
measuring the binding aﬃnity involves a substantially larger
amount of work, probe 4 remains the sensor of choice in our
study. Second, the binding aﬃnity of the probe to lipid
membranes overall correlates with the ﬂuorescence enhance-
ment for the three probes, particularly for the smaller
liposomes. The binding aﬃnity, for example, followed the
order of 4 > 3 > 1 for liposomes 58 and 83 nm in size.40 The
binding aﬃnity seemed to make sense from the viewpoint of
hydrophobic driving force in the binding. Probe 1 has a total of
three ionic groups (two carboxylates and one sulfonate); its
strong hydrophilicity is expected to lower the hydrophobic
driving force for the binding. In addition, our membranes were
overall negatively charged, with a ratio of [POPG]/[POPC] =
10/1. A larger number of anionic groups in 1 also translates to a
stronger repulsion by the liposomes. The stronger binding of 4
over 3 by the liposomes also seems to be reasonable. The NBD
group of 4 is on the hydrophilic α-face of the cholate and thus
is completely exposed to water in the water-soluble state. The
unfavorable water contact for the NBD probably provided a
stronger hydrophobic driving force for the probe to enter the
membrane. For probe 3, although the NBD group must also
have signiﬁcant water exposure (as discussed above in terms of
its emission wavelength), its location on the hydrophobic β-face
of the cholate suggests that it should be in partial contact with
the other folded hydrophobic cholate. Undoubtedly, more
hydrophobic contact prior to binding to the membranes means
that part of the hydrophobic surface is already buried and thus
is equivalent to a lower hydrophobic driving force for the
binding.
All the data so far suggest that probe 4 is the best membrane-
curvature sensor among the three, displaying the strongest
emission enhancement (Figure 1), a monotonous response to
lipid curvatures (Figure 1), and the strongest binding for lipid
membranes (Table 1). It is known that the composition of
lipids also has an impact on the number of hydrophobic
binding sites in the membranes. Cholesterol, for example, is
able to reduce the number of hydrophobic defects in a
membrane.41 Figure 3a shows the emission enhancement of the
three probes as a function of liposome sizes for POPC/POPG
Figure 2. Binding of bischolate 4 in PBS buﬀer (pH 7.4) by LUVs
with the average diameter of (a) 58, (b) 83, and (c) 141 nm. The
smooth curves are nonlinear least-squares curving ﬁtting of the binding
data to eq 2. [Bischolate] = 0.10 μM. Ca is the concentration of the
accessible lipid and is 50% of the total lipid in the sample.
Table 1. Apparent Partition Coeﬃcients (Kp) for the
Oligocholate Foldamers in PBS Buﬀer (pH 7.4)a
entry liposome size (nm) probe Kp (10
3 M−1)
1 58 1 41 ± 7
2 83 1 33 ± 4
3 141 1 15 ± 3
4 58 3 50 ± 8
5 83 3 39 ± 7
6 141 3 13 ± 2
7 58 4 77 ± 10
8 83 4 64 ± 10
9 141 4 22 ± 4
a[Bischolate] = 0.10 μM. [POPC]/[POPG] = 10/1. The binding data
were obtained by nonlinear least-squares curving ﬁtting of the binding
data to eq 2.
Figure 3. (a) Enhancement in the ﬂuorescence emission of bischolate
foldamer 1 (△), 3 (◇), and 4 (□) induced by LUVs of diﬀerent sizes
made of 10:1 POPC/POPG consisting of 30 mol % cholesterol. (b)
Enhancement in the ﬂuorescence emission of oligocholate foldamer 4
induced by LUVs made of 10:1 POPC/POPG consisting of 0 (■), 10
(◆), and 30 mol % (▲) cholesterol. I and I0 represent the maximum
emission intensity of the probe in the presence of LUVs and in PBS
buﬀer (pH 7.4), respectively. [Bischolate] = 0.10 μM. [Lipids] = 300
μM.
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membranes consisting of 30 mol % cholesterol. Probe 4 clearly
remained as the most sensitive membrane-curvature sensor in
the high cholesterol membranes. Overall, the inclusion of
cholesterol in the lipids lowered the ﬂuorescence enhancement,
especially for probes 3 (◇) and 4 (□). The trend could be
seen more clearly in Figure 3b, showing the I/I0 curve with 30
mol % (▲) cholesterol signiﬁcantly lower than those with 0
(■) and 10 mol % (◆) cholesterol.
Our membrane-curvature sensor (i.e., 4) is an anionic
foldamer. Since its binding with the membrane is driven by
hydrophobic interactions and electrostatic repulsion exists
between the anionic foldamer and the negatively charged
POPC/POPG membranes, we wanted to see whether the
electric potential of the liposomes will inﬂuence the perform-
ance of the sensor. Figure 4a shows the ﬂuorescence
enhancement of 4 in the presence of the same concentrations
of 50:1 (□), 10:1 (◇), and 0:1 (△) POPC/POPG
liposomes. Overall, the membranes consisting the least amount
of anionic lipids (i.e., POPG) showed the largest enhancement,
while those with the highest amount of POPG showed the
smallest enhancement. Thus, electrostatic repulsion between
the membranes and the sensor indeed impacted the binding
negatively. As shown in Figure 4b, increasing POPG in the lipid
formulation consistently lowers the emission of the probe, most
likely due to weaker binding between the more negatively
charged membranes and the anionic sensor.
■ CONCLUSIONS
In comparison to the membrane curvature-sensors found in
nature (mainly proteins and amphipathic α-helices), the
bischolates reported in this work is much easier to synthesize.
Importantly, their ability to act as curvature sensors can be
tuned rationally as shown by this study. Their design is highly
modular, and each component in the structure has speciﬁc
functions: the amphiphilic β-cholates interacting with water and
membranes in a predictable fashion; the glutamic acid tether
provides the ﬂexibility for the two cholates to interact
intramolecularly; the anionic carboxylates on the cholate and
the glutamic acid make the probe water-soluble; the environ-
mentally sensitive ﬂuorophore reports the transition from the
water-soluble state to the membrane-bound state in a
curvature-dependent fashion. It is signiﬁcant that the ionic
nature and the orientation of the ﬂuorescent label are critical to
the performance of the bischolates as the sensor. Their simple
synthesis as compared to the natural membrane-curvature
sensors makes them potentially useful tools in biophysics and
biochemistry.
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